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 Introduction and Executive Summary 
Over a two-day period, March 8-9, 2017 the Office of High Energy Physics convened a workshop in 

Gaithersburg, MD to seek community input on development of a radiofrequency (RF) research ten-year 

roadmap to guide the General Accelerator Research and Development Program (GARD). As described in 

the charge, the roadmap should reflect the Particle Physics Project Prioritization Panel strategy and the 

subsequent HEPAP Accelerator Subpanel recommendations. The charge for the workshop can be found 

in Appendix A. 

At the workshop, proponents of superconducting radiofrequency technology (SRF) and normal 

conducting radiofrequency technology (NCRF), along with invited university and laboratory experts, 

critically discussed opportunities, gaps, and requirements relevant to the development of a roadmap. 

The roadmap workshop was preceded by preparatory workshops at SLAC on NCRF and Fermilab on 

SRF. 

The first day of the workshop featured summaries of the two preparatory workshops and presentations 
of independent roadmaps for NCRF and SRF. Community proponents presented roadmaps with an 

overarching focus on improving the cost-capability of accelerators by improving structure gradient and 

efficiency, RF source power and efficiency, and auxiliary systems. Talks on the status of modeling, 

international efforts, potential NCRF/SRF synergies as well as synergies beyond HEP, and laboratory 

needs were also presented. The second day of the workshop began with presentations on the university 

role, user needs, and test facilities at SLAC and FNAL. 

The balance and majority of the second day was devoted to review and integration of the two roadmaps 

and discussion of the report timeline, outline, and content. There was unanimous endorsement of the 

roadmap elements. The agenda for the workshop can be found in Appendix B and a list of participants in 

Appendix C. 

As shown in Fig. 1, the decadal integrated roadmap has two main components, advancement of RF 
structures and advancement of the RF sources powering and auxiliary systems surrounding the 

structures. The overarching goal is to dramatically improve performance and cost by an order of 

magnitude or more. The ten-year time scale for the roadmap ensures improved performance and cost 

for future  accelerators and upgrades now under consideration. In the past, only SRF was associated with 

cryogenic operation, but new results suggest NCRF structures operated at cryogenic temperatures hold 

promise. This blurring of the operating regime for structures has been graphically illustrated in Figure 

1by positioÎÉÎÇ 32& ÁÔ ÔÈÅ ȰÃÏÏÌȱ ÅÎÄ ÏÆ Á notional temperature gradient and NCRF at ÔÈÅ Ȱ×ÁÒÍȱ ÅÎÄ. 

Themes or cross-cuts for cryogenic or warm RF structure R&D, include understanding basic physics and 

processes and exploring new shapes, materials, and operating regimes. The two SRF research sub-tracks 

focus on improving cavity quality factor, Q, and gradient. High-Q SRF R&D will investigate the physics of 

surface resistance and magnetic flux losses, explore doping, and examine new materials. High gradient 

SRF R&D will investigate fundamental limits, new materials, high frequency structures, and new 

structure shapes. The NCRF structure R&D will explore advanced topologies, advanced materials and 

manufacturing, and new temperature and frequency operating regimes. 

Improvement in the capability and cost profile of RF accelerating structures requires commensurate 

progress in RF sources and auxiliary systems. The RF source roadmap will explore discrete 

architectures, distributed architectures, and energy recovery concepts to reach high perveance while 

operating at lower voltage and higher efficiency. R&D will also be required on couplers, higher order 
mode dampers, and frequency tuners. Other auxiliary systems requiring attention include high 

repetition  brightness electron sources, polarized electron/positron emitters , and RF controls. 
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This roadmap recognizes that the NCRF and SRF accelerator communities are fundamentally synergistic, 
from sources to cavity geometries, and progress in each field can build from the other. RF technology 
can maximize its impact, reach and resources by collaborating beyond HEP and rapidly transitioning 
technology to the commercial sectors which are reliant on RF. RF accelerator technology will continue to 
be competitive for future large scale accelerator facilities. 

 RF Accelerator Technology for HEP 
Radio Frequency (RF) technology is a cornerstone for many future particle accelerators including those 

needed for fundamental High Energy Physics (HEP). RF technology is technically ready for accelerators 

of any energy, including multi-TeV energies; but, based on current technology, the practical limits to RF 

accelerator performance are set by budgetary and footprint  constraints. This technological maturity 

means that further improvement in quality factor, Q, cavity gradients, and shunt impedance directly  

translate into higher energy reach and intensity. Building the next generation of HEP accelerators would 

require efforts on a much larger scale than has been previously achieved. While current technology can 

be used for these machines, advancing the technology is necessary to make the new facilities 

ȰÁÆÆÏÒÄÁÂÌÅȱ ɍρɎȟ ÔÏ ÉÍÐÒÏÖÅ ÔÈÅÉÒ ÐÅÒÆÏÒÍÁÎÃÅȟ ÁÎÄ ÔÏ enable upgrades. 

The HEP accelerators under consideration are the International Linear Collider (ILC) [2], CLIC [69], a 

future multi -TeV e+e- collider, future circular colliders FCC-ee, FCC-hh, FCC-he, HE-LHC at CERN [3], 

CEPC/SppC in China [4], and options for upgrading the Fermilab accelerating complex to a beam power 

over 2.4 MW, called PIP-III [5]. All these future machines would greatly benefit from the advances in RF 
R&D focused on delivering higher accelerating gradients and quality factors, higher shunt impedance 

Figure 1:  Ten-year integrated GARD -RF roadmap with a focus on improving accelerating structures and RF 
sources and auxiliary systems.  
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structures, more efficient and lower cost sources, and auxiliary technologies. Some examples described 

below, showcase the benefits from technology improvements occurring within the next decade. 

As noted in the P5 report, our NÁÔÉÏÎȭÓ ÆÌÁÇÓÈÉÐ (%0 ÐÒÏÇÒÁÍ ÉÎ ÔÈÅ ÎÅØÔ ÄÅÃÁÄÅ ×ÉÌÌ ÂÅ ÔÈe LBNF ɀ 

DUNE neutrino project scheduled for beam in 2025. PIP-III, an upgrade of the Fermilab accelerator 

complex, will initially increase proton beam power to 2.4 MW and eventually reach 5 MW on target for 

DUNE. PIP-III will receive a >0.8 GeV beam from the PIP-II SRF linac. The two conceptual options for 

PIP-III under consideration are an SRF linac or a Rapidly Cycling Synchrotron (RCS) with an NCRF 

system. Both approaches will benefit from RF research and development. The present scenario for the 
SRF option envisages a 3-GeV CW-compatible SRF linac operating at 650 MHz followed up by a 6-8 GeV 

pulsed SRF linac operating at 1.3 GHz. Higher Q cavities would provide significant operational cost 

savings and, in combination with higher gradients, would result in either capital cost savings or higher 

beam energy. The PIP II SRF linac could also inject into a new RCS capable of delivering 8 GeV beam to 

the downstream MI. Challenges for the new RCS include high beam current requirements and the cost of 

the NCRF system. A simple enhanced design based on present cavities does not seem to be feasible as 

the required power and gradients are likely four to six times greater than present systems. The RCS 

option is also critically  dependent on a rapidly -tunable NCRF system capable of accelerating 4 to 6 amps 

of beam. Currently, the PIP-II project is expected to be complete in FY25-FY26. If the PIP-III project 

starts at about the same time, research results within next seven to eight years would be most beneficial 

for the project. 

Several staging options are under consideration for the ILC [6], with  the first stage a 250-GeV Higgs 

factory. This machine would benefit from cost reduction R&D. If the ILC tunnel is built for a full collider 

(500 GeV with the state of the art SRF technology), the beam energy reach of the second stage will be 

determined by the SRF technological progress in higher gradients and quality factors in the next decade 

under the GARD-SRF R&D. Alternatively, NCRF proposals such as CLIC benefit from advances in RF 

sources and high gradient structures. Potential breakthroughs could make even a multi -TeV e+e- linear 

ÃÏÌÌÉÄÅÒ ȰÁÆÆÏÒÄÁÂÌÅȱ ÉÎ ÔÈÅ ÆÕÔÕÒÅ. 

The last example is the proposed circular e+e- collider FCC-ee at CERN. This machine (as well as a 

similar CEPC proposed in China) will feature a large CW SRF accelerating system delivering ~100 MW of 

RF power to beams. High Q and high gradient SRF cavities operating at 400 or 800 MHz (650 MHz for 
CEPC) would permit construction of smaller installations at lower capital and operational costs. A 

timeline for the FCC-ee [3] has the first physics run in 2035. Thus, the next ten years will be extremely 

import ant for developing SRF technology for this collider. 

Fig. 2 summarizes the alignment of GARD-RF R&D milestones with HEP facilities on the horizon. The 

highlighted progress in SRF and NCRF cavity performance would improve the affordability of even a 

multi -TeV collider. 

 Superconducting RF Structures Roadmap and Milestones 
The performance of SRF cavities depends strongly upon the properties of superconducting material in 

the first tens of nanometers of the inner cavity surface [7-9]. Recent and future improvements in the SRF 

technology aim at nano-engineering the surface layer and controlling  its properties to optimize the SRF 

performanceȢ 4ÈÉÓ ȰÔÁÉÌÏÒÅÄ ÓÕÒÆÁÃÅȱ ÁÐÐÒÏÁÃÈ offers prospects for a dramatic reduction of accelerator 

footprint, construction costs, and operation costs, broadening the range of applications. Cavity 
performance has clearly emerged as the main cost driver for SRF accelerators. 
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The GARD SRF program will pursue the fundamental science underpinning performance and the most 

promising transformational R&D directions. The two main research thrusts are the High Q Frontier and 

the High Gradient Frontier. Below we discuss high priority topics for each thrust as well as the facilities 

and tools required to pursue the research and development. There are many research elements common 
to both thrusts and these are enumerated and discussed in detail. 

3.1 High Q Frontier 
The cavity quality factor, Q, is possibly the most important parameter for SRF based accelerators. The 

resonant Q of an accelerating structure varies inversely with resistive wall losses, driving the cost of SRF 

machines because of the cryogenic load, thus the emphasis on high-Q SRF surfaces. Higher Q allows 

longer RF pulse lengths, up to the CW regime, and therefore higher luminosity and brightness of the 

accelerated beams, which, in turn , can extend the physics reach. 

Recent progress in SRF experimental and theoretical research includes a dramatic increase in achievable 

quality factors and deeper understanding of the mechanisms in play, particularly for a) the development 

of new surface treatments resulting in very high-Q via nitrogen doping [10-18]; and b) achievement of 

very high Q under real accelerator conditions via efficient magnetic flux expulsion (fast cooling and low 

flux pinning) [20-24]. These advances have been confirmed at laboratories worldwide and transferred 

to industry. They have found recent practical demonstration in the first LCLS-II cryomodules that have 

reached two times the previous state of the art Q on an accelerator scale unit with an average Q ~ 3·1010 

at 2 K, 1.3 GHz, 16 MV/m [18]. This corresponds to Á ÍÅÁÎ ÓÕÒÆÁÃÅ ÒÅÓÉÓÔÁÎÃÅ ÏÆ ÌÅÓÓ ÔÈÁÎ ρπ ÎɱȢ 

Despite having reached very high thresholds, there are still ample opportunities for improvement in 

quality factors of niobium SRF cavities. Continued exploration of doping with nitrogen at lower 

temperatures [19] and recent theories of the reverse Q(H) slope and superheating field [33,34] offer 

new pathways to even higher Q at very high accelerating gradients. Exploration of the effect of nitrogen 

and other impurities on the surface resistance, RF breakdown fields, and superconducting density of 

states in Nb will be crucial for further potential breakthroughs in Q and field gradients. Studies of 

Figure 2:  GARD-RF R&D alignment with future HEP particle accelerators.  



General Accelerator R&D RF Research Roadmap Workshop Report   6 

  

applicability to cavities of different frequencies have only just begun. New materials will be also 

evaluated. 

The progress on the impact and management of trapped flux has been tremendous in the past few years, 

from the discovery of the manipulation of flux trapping via cooling to the understanding of trapped flux 

sensitivity for different surface treatments (as a function of mean free path). These are topics of extreme 

importance for both niobium and new materials. The abatement of trapped flux losses are being further 

pursued, as it has repercussions not only on Q but potentially also on achievable SRF cavity gradients. 

The ten-year plan and milestones for the high Q thrust are presented in Fig. 3. The Q roadmap includes 
the following main directions: 

¶ Continue exploration of the effect of interstitial impurities on bulk Nb surface resistance; 

¶ Study the effect of doping on Q of cavities at different frequencies in the range of 650 MHz to 3.9 

GHz; 

¶ Develop fundamental understanding of the reverse field dependence of the BCS surface 

resistance and devise experiments towards validation of different theories; 

¶ Develop understanding of mechanisms of trapping magnetic vortices and their contribution to 

the RF losses, and devise experiments towards validation of models; 

¶ Develop understanding of 'intrinsic' residual resistance and its field dependence; 

¶ Ameliorate trapped vortices via innovative ideas: advanced magnetic shielding concepts, in situ 

flux removal, determine material properties/preparation for minimal pinning strength, etc.; 

¶ Develop Nb3Sn coating on single and multi-cell cavities of different frequencies; 

¶ Investigate feasibility of other materials for high Q. 

3.2 High Gradient Frontier 
The ten-year plan and milestones for the high gradient thrust are presented in Fig. 4. This R&D plan will 

include research into fundamental questions; layered structures and advanced vortex dynamics 

concepts; new materials, films, and multilayers; development of Nb3Sn as a practical SRF material; field 

emission mitigation ; microphonics and Lorentz force detuning compensation R&D; and novel SRF cavity 
shapes. 

An outstanding question concerns the fundamental limit of the accelerating gradient in SRF cavities. 

Based on the current understanding, vortex entry at a DC superheating field limits the maximum 

achievable accelerating field. However, except for a few indirect experimental indications, there is no 

unambiguous experimental or theoretical proof that the DC superheating field is the limiting factor at 

GHz frequencies relevant to many SRF linacs. Therefore, it is crucial to develop a theory of a dynamic 

superheating field Hsh (w,T) taking into account the complex kinetics of quasiparticles in 

superconductors under strong RF fields to show whether Hsh (w,T) can indeed exceed the DC Hsh and, if 

so, to what extend Hsh (w,T) can be further increased by impurities and RF frequency. 
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Extensive experimental investigations are needed to establish the maximum achievable RF field for a 

given material. For bulk niobium, which is by far the most advanced SRF material to date, the achievable 

gradient in CW operation is currently limited by a localized quench and not a global transition, 

indicating that the fundamental limit has not yet been reached. Local surface quench fields at T << Tc 
already exceed the DC lower critical field Hc1 ~  160-170 mT of Nb, and the theoretical limit is believed to 

be at least as high as a DC superheating field Hsh ~  240 mT (corresponding to an accelerating gradient 

Eacc ~  56 MV/m for a TESLA-shaped structure), at which the Meissner state becomes unstable with 
respect to avalanche vortex penetration. However, the SRF breakdown field may be increased relative to 

current estimates if the dynamic superheating field exceeds the DC Hsh. 

The limit of the RF fields at the surface of the bulk niobium cavity are not yet fully understood. In 

particular, whether the field can be maintained in excess of the DC Hsh, and, if so, to what field strength is 

achievable [25]. Superconductivity in a dissipative vortex state persists up to the upper critical field 

Hc2 ~  400 mT, which would correspond to Eacc ~  100 MV/m, whereas superconductivity in the surface 

layer of Nb ceases to exist at Hc3 ~  1.3 T for standard ILC type surface preparation, translating into 

Eacc ~  300 MV/m if  quenching of superconductivity could be avoided before then. However, SRF 

technology relies crucially on the exponentially small surface resistance in the vortex-free Meissner 

state, while the maximum field gradients are determined by the dynamics of breakdown of this state 

during the RF periods of ~1  ns, as the field is swept from the full negative to the positive amplitude 

range. A complete analysis of initial vortex nucleation, motion, and dissipation when the RF field 

amplitude exceeds the DC Hsh has not been done. This fundamental problem must be addressed both 

theoretically and experimentally to establish the ultimate SRF field gradients. 

Figure 3:  Ten-year roadmap and milestones for the high Q SRF frontier.  
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Theoretical analysis indicates that several layered SRF surface structures can be very promising for 

delaying the flux penetration and preserving the Meissner state in the surface layer up to higher 
accelerating fields [31-36]. These surfaces are: 

¶ Ȱ$ÉÒÔÙ .Âȱ ÏÎ Ȱ#ÌÅÁÎ .Âȱȟ ×ÉÔÈ Á ÐÏÔÅÎÔÉÁÌ ÏÆ Eacc ~  70 MV/m; 

¶ Ȱ/ÔÈÅÒ ÓÕÐÅÒÃÏÎÄÕÃÔÏÒȱ ÏÎ Ȱ#ÌÅÁÎ .Âȱȟ ÅȢÇȢ ×ÉÔÈ Á ÐÏÔÅÎÔÉÁÌ ÏÆ Eacc ~  120 MV/m for Nb3SnɀNb; 

¶ Ȱ/ÔÈÅÒ ÓÕÐÅÒÃÏÎÄÕÃÔÏÒȱ ɀ Ȱ)ÎÓÕÌÁÔÏÒȱ ɀ Ȱ#ÌÅÁÎ .Âȱȟ ÅȢÇȢ ×ÉÔÈ Á ÐÏÔÅÎÔÉÁÌ ÏÆ %acc ~  120 MV/m for 

Nb3SnɀIɀNb. 

Theoretical models for these layered surface structures should be developed to guide experiments 

toward engineering ideal surface nanostructures, fir st on samples and then on cavities. Another R&D 

direction involves theoretical understanding and experimental exploration of dynamic vortex behavior 

to prevent quenching in bulk Nb on sub-nanosecond timescale using techniques such as doping/flux 

pinning and RF pulse manipulation, for evaluation of the ultimate limitation in achievable gradients. 

3.3 Common SRF Roadmap Elements 
New Materials, Films, and Multilayers:   The ten-year plan and milestones for the new materials 

research are presented in Figs. 3 and 4 as parts of the high Q and high gradient frontiers . There are many 

promising superconductors that could potentially achieve high accelerating gradients and high QȭÓȡ 

MgB2, NbN, Nb3Sn, other A15 superconductors (Nb3Al, V3Si etc.), and zinc iron pnictides. For all these 

materials, the potential and limitations for SRF applications bear investigation. Alternative SRF 

materials performing close to theoretical predictions could offer important advantages compared to 

Figure 4:  Ten-year roadmap and milestones for the high gradient SRF frontier.  
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traditional niobium: 1) high -Q even at temperatures well above 2 K, important  for reducing costs for 

large-scale, high duty factor SRF accelerators and small-scale, cryocooler-based accelerators; and 2) 

theoretical potential for higher accelerating fields, to help enable pulsed linear accelerators with 

unprecedented reach into the Energy Frontier. 

These materials could be used in bulk or thin film form. Thin films could bring the advantage of layered 

structures for a potential further boost in achievable accelerating gradients. To date, thin films, even of 

simple niobium material, show increased residual resistance and large medium-field Q-slope. Improved 

deposition methods R&D is ongoing at CERN, Jefferson, FNAL, ANL, and other laboratories. This R&D 
must continue so that breakthroughs in the production methods of high performing RF films can be 

applied directly to new materials films for high Q and high gradients. 

Over the next several years, research will explore candidate superconductors and geometries that show 

potential based on practical and theoretical considerations. These candidates will be evaluated in RF 

tests on samples or simple cavity geometries to determine which to target for more intensive 

development. For those that demonstrate practical levels of surface resistance at relatively low fields, 

fabrication techniques will be scaled up for detailed evaluation. Materials manufactured in bulk versus 

those deposited in a thin film have the advantage of higher potential of success in terms of RF 

performance as at present deposited films (including Nb) are afflicted by strong Q-slopes and high 

residual resistances. 

Development of Nb 3Sn as Practical SRF Material: Nb3Sn bulk films show promising results, recently 

demonstrating high-Q for medium fields at 4.2 K in R&D cavities [26]. Recent experiments have also 

revealed several promising paths forward for improving the performance of this material, if appropriate 

surface treatments can be developed [27,28]. Studies will be performed on the coating of multiple cells 
to develop recipes that produce uniform, high quality films over a large surface area. Research will 

continue to focus on identifying and mitigating non-fundamental limitation mechanisms via a 

combination of advanced materials science studies and experiments on R&D-scale cavities. To 

demonstrate the breakthrough potential of this material for pulsed high energy applications, the goal in 
four to six years will be to achieve peak surface magnetic fields in pulsed mode that exceed the DC 

superheating field of niobium. With sufficiently defect-free coatings, theoretical predictions suggest that 

the superheating magnetic field limit of Nb3Sn is approximately twice as high as niobium [29]. 
Extrapolation from high power pulsed RF experiments shows agreement with this prediction [30]. A 

suitable goal would be to achieve twice the accelerating field specification of ILC, first in single cell 

cavities, then in multi-cell cavities. 

In parallel to bulk Nb3Sn development, alternative manufacturing routes should be pursued via thin 

Nb3Sn films on clean Nb or Superconductor-Insulator-Superconductor (S-I-S) Nb3Sn layered structures 

to try to achieve the superheating field of Nb3Sn with potential up to 90 MV/m (or even 10-20% above, 

up to 120 MV/m). The thin film or S-I-S avenue would not be as straightforward as simply bulk film 

Nb3Sn, and would require more development to ensure good RF performance. 

Field Emission Mitigation:  Field emission phenomenon could be a serious impediment to achieving 

high gradients. Special studies will be required in parallel with high gradient research to abate field 

emission in vertical tests and cryomodules. Promising pathways include plasma processing, high power 

processing, and eventually robotic assembly. Some of these studies may be pursued outside of GARD 

(e.g. ILC cost reduction R&D). 

Microphonics and Lorentz Force Detuning Compensation:   Material science research for high 
acceleration gradient and high-Q should be supported by the cavity resonance control R&D and other RF 

ancillaries R&D [37-40]. SRF structures operating in the CW regime are susceptible to vibrations due to 
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external excitation (microphonics). For pulsed-beam accelerators such as the ILC, compensating cavity 

resonant frequency detuning due to the Lorentz force (Lorentz Force Detuning or LFD) is especially 

important as the ratio of LFD over the cavity bandwidth is proportional to the cube of acceleration 

gradient. First, the reasons for vibrations (microphonics) should be determined, understood and 

mitigated. Second, the new cavity designs should be optimized to minimize LFD, and the cavity response 

to vibrations and He pressure fluctuations. Third, new active LFD and microphonics compensation 
algorithms should be developed along with the new tuner (fine and coarse) designs. Microphonics R&D 

becomes particularly important for 4.2 K operation of accelerators (e.g. for Nb3Sn). 

Novel SRF Cavity Shapes:  R&D on new cavity shapes can further improve performance of SRF 

ÓÔÒÕÃÔÕÒÅÓ ÁÎÄ (%0 ÁÃÃÅÌÅÒÁÔÏÒÓȢ 4ÈÅ 4%3,! ÃÁÖÉÔÙ ÓÈÁÐÅ ɍτρɎ ×ÁÓ ÄÅÖÅÌÏÐÅÄ ÉÎ ρωωπȭÓ ÁÎÄ has served 

the accelerator community well, enabling such accelerators as FLASH, European XFEL, and LCLS-II and 

serving as a baseline for ILC. However, several alternative elliptical cavity geometries were proposed 

(Ichiro, re-entrant, low-loss, low surface field) and have demonstrated accelerating gradients up to 55 

MV/m on R&D cavities. These shapes can potentially provide up to ~20% higher gradients for the same 

peak surface magnetic field [42]. Some effort towards improving cavity shapes to reduce multipacting 

issues can be beneficial. Novel fabrication methods could permit the use of structures considered 

previously only for NCRF systems. An example is a parallel-feed accelerating structure [43]. If a robust, 

high-performance coating of thin-film niobium  on copper is developed, such structures could potentially 

be more efficient for future accelerators. 

Future HEP experiments require higher beam intensities and shorter synchrotron cycle times. Hence, 

either new accelerators will have to be built or existing ones upgraded (e.g. the Main Injector at 

Fermilab). Use of SRF technology would significantly reduce the number of cavities in these machines. 

However, the lack of fast frequency tuners prohibits the use of SRF cavities at present. Development of a 

new generation of fast frequency tuners for SRF cavities is proposed under the Auxiliary Systems R&D 

thrust. In parallel, new cavity structures will have to be designed, e.g. [44,45]. These fast-tuned SRF 

cavities operating at ~50 MHz would provide much higher acceleration gradients and; therefore, a 

smaller number of cavities and lower beamline impedance. 

 Normal Conducting RF Structures Roadmap and Milestones 
Through new insights into the physics of RF breakdown at high gradients and innovations in the 

topologies of accelerating structures, normal conducting radiofrequency (NCRF) structures have 
undergone a momentous leap in accelerating gradient from around 50 MV/m to more than 200 MV/m. 

The goal of the normal conducting RF accelerating structure roadmap is to extend the limits of useful 

gradient for HEP accelerators while improving efficiency. The improved performance will be achieved 

with new topologies and optimized geometries for normal conducting and, synergistically, for super 

conducting accelerating structures. 

The ten-year plan and milestones for the normal conducting RF are presented in Fig. 5. This R&D plan 
wil l explore advanced topologies, materials and manufacturing techniques; leverage the latest virtual 

prototyping tools; and investigate operation in new temperature and frequency regimes. The first 

roadmap priority is  focused on implementing the best topologies with high strength materials using low 

cost manufacturing techniques. Then the limits of frequency and temperature will be explored to 

maximize gradients and efficiency. The final priority  of the roadmap is to explore exotic accelerator 

concepts such as operation at multiple frequencies to break the quadratic scaling of power with gradient 
which limits efficiency. The roadmap naturally leads to the demonstration of a cost-effective accelerator 

facility capable of delivering a 1 GeV or more electron beam in an accelerator length of less than 10 m. 
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Because of collaborations established to answer fundamental questions about the limits of high gradient 

acceleration, the past decade has seen remarkable progress in NCRF accelerator technology. 
Foundational research in applied electrodynamics and materials science has led to the discovery of the 

basic physics mechanisms behind high gradient vacuum RF breakdown phenomena [54] and has 

significantly improved the capability-cost curve of charged particle acceleration systems. New linear 
accelerator topologies enable the use of novel geometries and materials to enhance gradients while 

reducing manufacturing costs. The reduction in cost comes, in part, from reducing manufacturing 

complexity and part count. At the same time, these new designs dramatically improve the RF-to-beam 
efficiency; hence, the system cost, including RF source, decreases. At X-band this has resulted in an 

increase in loaded accelerating gradient from 50 MV/m to 200 -6ȾÍ ×ÈÉÌÅ ÄÏÕÂÌÉÎÇ ÔÈÅ ÓÔÒÕÃÔÕÒÅȭÓ 

shunt impedance (or efficiency of establishing the accelerating gradient). 

The roadmap explores many new, promising avenues. New accelerator structure topologies such as the 

distributed  coupling accelerator structure [55] or photonic band gap structures [68] have great 

potential. Hard copper and hard copper alloys as a base material for accelerator structures support 

significantly higher gradient operation [49]. New manufacturing techniques (split structure technology) 

lower the cost of fabrication due to the great reduction in the number of fabricated parts [48]. Operation 

of the normal conducting accelerator structures at cryogenic temperatures achieve much higher 

gradients [53]. Multi -frequency multi -mode linac configurations and accelerating structures operating in 

the mm-wave range [46, 47] offer interesting possibilities. These possibilities will benefit from a 

continuation of a basic science R&D approach, which led to these discoveries. 

While recent developments pave the way for high gradient structure operations, improvements in 

efficiency and cost, in addition to performance, will  extend the energy reach, beam quality, and 

compactness of future accelerators. The accelerator structures research program must satisfy multiple 

requirements besides high gradient operation at statistically low breakdown rates, including structures 

with the capability of accelerating ~10 MW of beam power with high RF-to-beam efficiency, sufficient 

detuning and damping to suppress multi-bunch instabilities with reasonable alignment tolerances, 

appropriately large apertures to mitigate short range wakefields, while minimiz ing production and 

processing costs. The design of the accelerator structures must balance conflicting requirements, such 

as: 1) reduced RF-to-beam efficiency when operating at high gradients; 2) increased processing costs to 

achieve high operating gradients; 3) reduced RF-to-beam efficiency and reduced achievable gradients 

with larger apertures; 4) higher beam loading leading to stronger coupling of higher order modes, 

requiring sophisticated damping features that are expensive and typically reduce achievable gradients. 

Figure 5:  Ten-year roadmap and milestones for the normal conducting structures roadmap.  












































